We use high-density InAs quantum dots, which were grown by molecular beam epitaxy on InP(311)B substrates, as photon sources in the telecommunication C band at approximately 1.55 μm. To select a small numbers of dots, we fabricate sub-micrometer sized mesas by electron beam lithography and reactive ion etching. The benefit of using high-density quantum dot samples is that at least one optically active quantum dot can be expected in every single mesa. We show that the etching rate and resulting mesa shape of the In 0.53 Al 0.22 Ga 0.25 As epitaxial layer can be varied with the chamber pressure during the etching process. Furthermore, under constant pressure and with increasing etching time, the sequential etching of the epitaxial layer and the underneath substrate leads to a significant modification in the mesa shape, too. We demonstrate that the isolation of a small number of quantum dots within one mesa results in the appearance of single quantum dot emission with a narrow line width and minimal spectral overlap between different emission lines. We moreover present significant enhancement of the luminescence collected from single dots in silver-embedded nanomesas when compared with as-etched mesas.
Introduction
Semiconductor quantum dot (QD)-based single photon or entangled photon pair sources are promising candidates for applications in quantum information processing and communication. 1, 2) Global communication infrastructure requires device operation within the telecommunication C band (conventional band: 1.530 to 1.565 m). This wavelength range is favorable for lowest-loss transmission in fiber networks, which is an essential prerequisite for efficient operation with a low bit-error rate. However, up to now, most reported single photon emitters have been below 1.3 μm wavelength. [3] [4] [5] [6] [7] [8] Extremely low density InAs or InAs/InGaAs QDs on GaAs substrates were reported at wavelengths up to 1.4 μm, which is the limit on these substrates. [9] [10] [11] InAs QDs grown on InP substrates, however, allow the growth of QDs with substantially longer emission wavelengths; tunable wavelength was reported between 1.3 and 1.7 μm. [12] [13] [14] Several compounds were used as buffer layers to investigate the growth of InAs QDs (or other nanostructures) on InP substrates, such as InP, 15) InAlAs, 16) InGaAs, 17) InGaAsP, 18) and InGaAlAs. [19] [20] [21] We want to highlight the difference in some properties of QDs grown on the two substrate orientations, the more widely used (100) orientation and the (311)B orientation. The deposition of InAs QDs on such buffer layers on InP(311)B leads to QD sizes that are approximately two times smaller than QDs grown on InP (100) substrates. Furthermore, the QD density on these higher index number surfaces is up to ten times higher compared to dots grown on InP(100). 22, 23) In this work, we highlight that a precise control of the mesa's structural parameters is crucial for the optical access to single QDs. In particular, the modification of the size of the QD containing area is important because it directly allows control of the number of QDs. A dramatic modification from tapered to almost straight nano-mesas can be obtained by changing the etching time, which leads to further reduction of the contained QD number. Furthermore, we demonstrate that the luminescence emitted from single
QDs that are located in a silver-embedded nanomesa can be significantly enhanced in the desired collection direction compared with that from QDs in as-etched mesas.
QD Growth and Mesa Fabrication
High-density QD heterostructures were grown by solid source-molecular beam The mesa structures were fabricated in accordance with the six step process, which was introduced for the 4 ML InAs QDs forming the optically active layer and is described in detail elsewhere. 25, 26) The negative tone resist hydrogen silsesquioxane (HSQ) was used for the EBL of differently sized mesas and arrays of different densities.
Patterns of 100 to 300 nm mesas, with separations between 0.8 and 10 μm were written on the resist with individually adjusted different exposure amounts by 100 keV EBL.
The SiO 2 mask layer was dry etched using RIE with CHF 3 etching gas. Subsequently, Pa were applied. As the chamber pressure increases, α gradually reduces from 26 to 20°, while the etching rate rapidly increases by almost four times. The reduction of α is considered to be the result of the difference in isotropic etching regarding the reactivity between chloride gas and the ratio of the aluminum (or/and indium) component of the etched semiconductor. 27) As distinct evidence of this reactivity, the increase in etching rate with pressure simultaneously contributes to an improved surface morphology; e.g., the etched semiconductor becomes smoother, as reported for InAlAs elsewhere. 28) Meanwhile, in the etching process of the epitaxial layer, the diameter reduction of D x can be strongly related to mask shapes with larger α (of both SiO 2 and resist) at a lower chamber pressure. 25) These tapered mask shapes can be a key element to reduce the D x of mesas, as explained in the schematic mechanism in the case of a metal mask in ref. Table II . Ultimately, with the structure presented in Fig. 2(c) we determined a final sample to implement our research purpose owing to an attractively small D QD combined with a very clean and uniform mesa surface. The InP surface roughness between the mesas does not influence the quality of the nanostructures; however, the mesa surface roughness needs to be carefully controlled when a metal, especially silver is used as a reflector surrounding the mesa. It is essential to reduce the roughness of the reflective silver surface to minimize losses due to surface plasmons and to ensure good optical properties of the QDs. 
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